Noradrenergic neurons send widespread projections to sensory networks throughout the brain and regulate sensory processing via norepinephrine (NE) release. As a catecholamine reuptake blocker, methylphenidate (MPH) is likely to interact with noradrenergic transmission and NE modulatory action on sensory systems. To characterize the neurochemical actions of MPH in the primary sensory cortex of freely behaving rats and their consequences on sensory processing, we measured extracellular NE levels in the primary somatosensory (SI) cortex by microdialysis and recorded basal and sensory-evoked discharge of infragranular SI cortical neurons, before and after intraperitoneal administrations of saline or MPH (1 and 5 mg/kg). Both doses of MPH significantly increased NE levels in the SI cortex (+64% and +101%, respectively). In most neurons, stimulation of the whisker-pad induced a triphasic response, consisting of a short-latency excitation (4.7±0.2 msec) followed by a post-excitatory inhibition (36±1.5 msec) and a longlatency excitation (105±2.6 msec). Under control conditions, the behavioral state of the animal was correlated with the magnitude of the short-latency excitation, but not with other aspects of the basal and sensory-evoked discharge of SI cortical neurons. At 5 mg/kg, MPH significantly increased locomotor activity and induced a significant suppression of the short-latency excitation, which probably resulted from the MPHinduced change in behavior. In addition, both doses of MPH suppressed the post-excitatory inhibition and the long-latency excitation evoked by the stimulation of the whisker-pad. These effects did not seem to result from the locomotor effect of MPH and probably involved MPH-induced enhancement of noradrenergic transmission.
Introduction
Considerable evidence suggests that norepinephrine (NE) plays an important role in arousal-dependent and attention-induced modulation of sensory signal processing (Berridge and Waterhouse, 2003) . Indeed, electrophysiological recordings of noradrenergic neurons in the locus coeruleus (LC) of rodents and primates have shown that these cells respond specifically to novel or meaningful sensory stimuli while their basal firing rate is regulated by the state of vigilance of the animal (Aston-Jones et al. 1991; Aston-Jones et al. 1994; Foote et al. 1980; Foote et al. 1991) . Moreover, numerous studies have shown that application of NE (Devilbiss and Waterhouse 2000; George 1992; Manunta and Edeline 1997; Waterhouse et al. 1980; Waterhouse et al. 2000) or activation of the LC (Devilbiss and Waterhouse 2004; Holdefer and Jacobs 1994; Lecas 2004; Snow et al. 1999; Waterhouse et al. 1998) can modulate the processing of incoming sensory information in primary sensory circuits of mammalian brain. Consistent with this view is the hypothesis that a dysfunction in noradrenergic transmission may be responsible for some of the symptoms (e.g. distractability and inattentiveness) observed in patients suffering from attention-deficit, hyperactivity disorder (ADHD). Indeed, psychostimulants prescribed for the treatment of ADHD, such as methylphenidate (MPH), enhance noradrenergic transmission by blocking NE reuptake via its transporter (Kuczenski and Segal 1997) . Considering the well-established modulatory action of NE within sensory systems, we postulated that MPH administration would induce NE-mediated effects on sensory circuits, an action that may contribute to the therapeutic efficacy of MPH in the treatment of ADHD patients.
As a catecholamine reuptake inhibitor, MPH was found to increase extracellular levels of NE in the prefrontal cortex and the hippocampus (Kuczenski and Segal 2001; Bymaster et al. 2002; Marsteller et al. 2002) . However, the impact of MPH varies across studies and brain regions. Moreover, it was never measured in sensory cortical areas. Therefore, we first quantified the effect of MPH on extracellular levels of NE in the primary somatosensory (SI) cortex using microdialysis.
In order to characterize the neurophysiological actions of MPH on sensory systems, we then recorded basal and sensory-evoked discharge of SI cortical neurons in freely behaving rats before and after MPH administration using multi-channel recording techniques. We also quantified the locomotor activity of the animals during each recording session, in order to characterize the behavioral effects of the doses of MPH used in our study. We focused our electrophysiological analysis on infragranular layers, which are considered the output layers of the SI cortex. Indeed, neurons in infragranular layers send projections back to the somatosensory pathways (Bourassa et al. 1995; Zhang and Deschenes 1997) as well as to brain areas implicated in ADHD, such as the prefrontal cortex (Golmayo et al. 2003 ) and the striatum (Hoffer and Alloway 2001; West 1998) . Moreover, these cells receive inputs from all other layers of the SI cortex (Staiger et al. 2000) , so that any influence of MPH along the ascending somatosensory pathway should impact their activity.
Materials and methods

Subjects
This study was performed on 17 male adult Long-Evans rats (Charles River, Boston, MA) weighing 225-250 g on arrival. After arrival animals were housed in the animal facility for at least one week before surgical procedures. All procedures described below were approved by the Drexel University Institutional Animal Care and Use Committee and followed the NIH guidelines.
Drugs
MPH (Sigma) was dissolved in saline (0.9%) at a concentration of 1 or 5 mg/ml. Saline and MPH solutions were administered intraperitoneally (i.p.) at 1 ml/kg.
Microdialysis studies
Each dose of MPH (1 and 5 mg/kg) was tested in a separate group of animals (n=5 in each group).
Probe implantation and sample collection: The microdialysis probe was surgically implanted in the SI cortex under sodium pentobarbital (17.5 mg/kg, i.p.) / choral hydrate 5% (400 mg/kg i.p.) anesthesia. During the surgery, three stainless steel screws were fixed to the skull to serve as anchors for cementing the probe in place with dental acrylic.
Vertical concentric microdialysis probes with a 2 mm active area (where exchange across the membrane occurs) and a 0.5 mm epoxy plug at the tip were built as previously described (Abercrombie et al. 1988 , Page et al. 2004 , using a semipermeable membrane of hollow regenerated cellulose fibers with a 280 µm o.d. and a 13,000 MW cutoff (SpectraPor, Spectrum, Houston, TX). The recovery rate of each probe was determined in vitro by placing the probe in a standard solution of NE in artificial cerebrospinal fluid (aCSF), and probes that did not correspond to a standard range of recovery (10-22%) were eliminated.
After a small craniotomy above the whisker representation of the SI cortex (2.5 mm posterior and 4.6 mm lateral to bregma) and incision of the dura, the microdialysis probe was slowly lowered at a 10° angle (the tip of the probe being more rostral) to a depth of 3 mm from dura into the SI cortex and secured with skull screws and dental acrylic. The inlet of the probe was connected to a fluid swivel (Instech Labs, Plymouth Meeting, PA) and the rat was placed into a clear Plexiglas circular cage (Instech Labs) with water and food available ad libitum. A spring-counterbalanced lever arm mounted on a swivel at the top of the cage allowed the animal free range of motion. The probe was continuously perfused with aCSF (147 mM NaCl, 1.7 mM CaCl2, 0.9 mM MgCl2 and 4 mM KCl) delivered via a microliter infusion pump (Instech Labs) at a rate of 1.5 µl/min. The rat was allowed to recover overnight, and approximately 18 hours following surgery, dialysate sample collection began and continued at 20-min intervals for the duration of the experiment.
Quantification of NE:
The amount of NE in the dialysate samples was determined using high-pressure liquid chromatography coupled to electrochemical detection (HPLC-ED). Briefly, dialysate samples (15 µl) were injected onto the HPLC column using an auto-sampler (model 542, ESA). The HPLC consisted of an ESA solvent delivery system and a MD-150 narrow bore column (150x2 mm, 3 µm; ESA). The mobile phase consisted of 60-mM sodium phosphate buffer (pH 4.2) with 100 µM EDTA, 1.5 mM sodium octyl-sulfate, and 3.5% (v/v) methanol. The flow rate through the system was 200-300 µl/min. The detection system consisted of an ESA Coulochem II electrochemical detector with a guard cell and a 5041 enhanced amperometric analytical cell with a glassy carbon in ceramic target electrode in series. The applied potential of the guard cell was set at -150 mV and the compounds of interest quantified at the target electrode which was set at +220 mV. Peak heights were measured and compared with the peak height of a 10 -8 -M standard, which was calibrated daily. The detection limit, defined as the sample amount producing a peak height that was twice the height of background noise, was 0.5 pg NE.
Electrophysiology studies
The effect of MPH on SI cortex neuronal activity was analyzed in 7 rats. Two doses of MPH (1 and 5 mg/kg) were tested on these animals during two different recording sessions separated by at least 2 weeks.
The order in which doses were given was randomly selected. Before each MPH administration, neuronal activity was recorded for a 45-min control period and then for an additional 45-min following a saline injection, so that we could measure the responses of each unit under control conditions before the effect of MPH was tested.
Electrode implantation: Under sodium pentobarbital (17.5 mg/kg, i.p.) / chloral hydrate 5% (400 mg/kg i.p.) anesthesia, rats were chronically implanted with an array of 8 recording micro-electrodes in the SI cortex and a subcutaneous stimulating electrode within the whisker-pad. Anesthesia was maintained throughout the surgery such that animals were not responsive to foot pinch, breathing was slow and regular, and the blink reflex was absent. Supplemental doses of pentobarbital and chloral hydrate were alternately administered as needed. Incised skin was locally anesthetized with lidocaine gel. During the surgery, four stainless steel screws were fixed to the skull to serve as electrical grounds and anchors for cementing the electrodes in place with dental acrylic.
The recording electrodes consisted of an array of 8 blunt-tipped Teflon-coated stainless-steel wires (50 µm in diameter) aligned in the rostro-caudal axis and spaced 0.2 mm from one another (NBLabs, Dennison, TX). After a small craniotomy above the whisker representation of the SI cortex (1-3 mm posterior and 5 mm lateral to bregma) and incision of the dura, we slowly lowered the electrode array into the infragranular layers of the SI cortex. During this procedure, we recorded neural activity and determined the principal whisker for each electrode. This raw receptive field assessment confirmed the position of the electrode array (Fig. 1C) and allowed us to target the appropriate area of the whisker-pad with the stimulating electrode.
The whisker-pad electrode, which consisted of a twisted pair of seven-stranded stainless-steel Tefloncoated wires (# 793200; A-M Systems Inc., Carlsborg, WA) connected to an MS303-120 connector (Plastics One, Roanoke, VA), was placed subcutaneously within the rat whisker-pad (Devilbiss and Waterhouse 2002). After surgery, rats were housed individually and left 1 or 2 weeks to recover prior to any recording session.
Data acquisition: At least two hours before the beginning of the recording session, animals were placed in a clear Plexiglas circular cage (Instech Labs) that was different from the home cage. Neuronal activity was recorded from the 8 micro-electrodes simultaneously using the multi-channel data acquisition system from Plexon (Dallas, TX). Data acquisition parameters (amplification, filtering, and threshold of detection) were set independently for each micro-electrode. Electrical stimulation (duration: 0.1 msec) was delivered to the whisker-pad every 2 sec via the whisker-pad electrode. The intensity of stimulation (0.51±0.06 mA) was adjusted for each animal until neuronal responsiveness to whisker-pad stimulation was confirmed. During the recording session, the whisker-pad was stimulated every 2 sec, and all the waveforms crossing the detection threshold were stored for off-line spike-sorting using Plexon software. In order to quantify the behavioral effect of MPH, we also videotaped each animal throughout each recording session. Each video was timestamped with a video timer (Thalner Electronic Products, Ann Arbor, MI) synchronized to the electrophysiological data acquisition system.
Data analysis:
Single-unit and multi-unit recordings in our data were determined off-line by analyzing waveforms, as well as inter-spike interval histograms. Recorded activity was identified as originating from a single-unit if it met all three of the following criteria: (1) the presence of reproducible waveforms, (2) interspike interval histograms with less than 0.1% of the inter-spike intervals being shorter than 1.2 ms, and (3) the amplitude of the waveform being at least 3 times above the average background noise levels. All other recordings were considered as multi-units. We generated peri-stimulus time histograms (PSTHs) in NeuroEXplorer (Plexon, Inc.), using the whisker-pad stimulation as the reference event and a bin width of 1 ms. Numerical data from the PSTHs were sent to MatLab (The Mathworks, Inc.) for the determination of magnitude (mean firing rate), latency and duration of the different responses. The response to the whiskerpad stimulation generally consisted of a short-latency excitation followed by a post-excitatory inhibition and a long-latency excitation. Methods used to calculate the basal firing rate, the magnitudes, durations and latencies of each component of the response have been described previously (Drouin and Waterhouse 2004) .
However, in the present study, the onset latency of the short-latency excitation was calculated using a polynomial regression of the PSTH and defined as the latency when the firing rate regression exceeded the mean by 1 standard deviation of the firing rate during the 200 msec period preceding the stimulation.
Anatomical verification of electrodes and microdialysis probes placement
At the conclusion of each experiment, rats (from electrophysiology or microdialysis studies) were deeply anesthetized. For the microdialysis experiments, pontamine sky blue (PSB, 2%) dye was infused through probes to mark their location. Animals were perfused with formaldehyde and brains were extracted. 30 µm parasagittal slices were cut with a microtome, stained with neutral red, dehydrated and mounted in Permount (SP15-500, Fisher) for anatomical localization of the electrode array or microdialysis probe (Fig. 1 ).
Locomotor activity
The behavior of each animal was recorded during each recording session and time-stamped with a video timer synchronized to all recorded data channels. Horizontal locomotion was quantified as the number of half-turns executed during each time interval (15 min). Vertical locomotion was also quantified as the number of rearings. However, rearings were infrequent and we decided not to present these data in the present report. This assessement of locomotor activity is routinely used when animals are housed in circular cages (Darracq et al. 2001) .
Statistics
For the locomotor activity and microdialysis, graphs represent mean±sem of the data obtained for all animals (n=5 for the microdialysis and n=7 for the locomotor activity). Variations across time were analyzed using one-way repeated measure ANOVA followed by a Dunnett's multiple comparison test, in which data obtained for each time interval was compared to the mean of data obtained before MPH administration.
For the electrophysiology, quantified data (Figs. 4C, 5C and 6) represent the mean±sem of data obtained from each unit (n=56 for MPH 1 mg/kg and n=67 for MPH 5 mg/kg). For each unit, data were obtained from a single PSTH built from the time interval specified in the figure. As several components of the basal and sensory-evoked discharge did not follow a normal distribution (according to Kolmogorov-smirnov test), Wilcoxon Signed-Rank Test was used to compare post-saline and post-MPH responses to control responses.
In cases when post-saline responses differed significantly from control responses, we also compared post-MPH responses to post-saline responses using the same test.
For the correlation analyses between locomotor activity and neuronal discharge, the locomotor activity of each rat was quantified for each 15-min time interval and neuronal data were obtained for each unit from PSTHs built for the same time interval (as the videotape of the behavior was synchronized to the recording).
The mean of neuronal responses obtained for each rat was then compared to its locomotor response using a non-parametric correlation analysis (Spearman). Correlations under control conditions were analyzed using the six 15-min time intervals before and after the saline injection. Correlations after MPH (5 mg/kg) were analyzed using the six 15-min time intervals after the MPH injection. For the magnitude of E1, we compared correlations under control conditions and after MPH treatment, using an analysis of covariance. As this test required normal distribution of the data, the analysis of covariance was performed on the square root of the magnitude of E1 which followed a normal distribution according to the Kolmogorov-Smirnov test. Results obtained using the squareroot of the amplitude of E1 were similar to what would be obtained with the amplitude of E1 (F(1,80)=6.34 p=0.01379 vs. F(1,80)=6.73 p=0.01127).
Results
MPH-induced increase in NE extracellular levels in the SI cortex
The intraperitoneal injection of saline did not significantly alter NE levels in the SI cortex. By contrast, NE levels were significantly increased after the administration of each dose of MPH tested (Fig. 2) . For the 1 mg/kg dose, the MPH-induced increase in NE levels was maximal during the first 20 min post-injection (+65±17%) and remained significantly elevated 0 to 40-min after the drug injection (p<0.01). NE levels returned to baseline 80 min post-injection. For the 5 mg/kg dose, the MPH-induced increase in NE levels was maximal 20 to 40 min after the injection (+100±33%) and remained significant 20 to 100 min after the drug injection (p<0.05) with a return to pre-injection levels by 3 hours after drug administration.
SI cortex neuronal responses to whisker-pad stimulation under control conditions and after a saline injection
We conducted 14 recording sessions (1 experiment for each dose of MPH in 7 rats) and obtained 210 recordings, 123 of which were identified as originating from single neurons and, as such, included in our study. During the control period, the average basal firing rate of the single units was 1.6±0.14 Hz. In 98% of the units (n=120/123), the stimulation of the whisker-pad elicited a short-latency excitation, which started 4.7±0.23 ms after the stimulation and lasted 27±1.3 ms. The average magnitude of the response was 3.8±0.31
Hz above basal firing. In 84% of the units (n=103/123), the whisker-pad stimulation also elicited a postexcitatory inhibition, which started 36±1.5 ms after the stimulus presentation and lasted 63±2 ms. During this period of inhibition, the average suppression of neuronal discharge was 0.49±0.05 Hz below basal firing.
Finally, in 89% of the units (n=109/123), the response to whisker-pad stimulation also included a longlatency excitation. The long-latency excitation started 105±2.6 ms after the stimulus presentation and the magnitude of this response was 0.58±0.06 Hz above basal firing. Such complex, tri-phasic responses to tactile stimulation are observed routinely in somatosensory cortical neurons of waking animals (Chapin et al.
1981).
The intraperitoneal administration of saline increased the locomotor activity of the animals during the first 15-min post-injection (Fig. 3) and induced a small, albeit significant, decrease in the magnitude of the short-latency excitation (-10.3±2.2%, p<0.0001). By contrast, saline had no significant effect on other aspects of the spontaneous or sensory-evoked discharge. Moreover, we compared the mean of neuronal responses obtained from each rat to its behavioral response measured every 15-min before and after the saline injection (Table 1 ) and found a negative correlation between the magnitude of the short-latency excitation and the amplitude of locomotor activity, suggesting that the suppression of the short-latency excitation observed after the saline injection resulted from the behavioral activation of the animal. Meanwhile, no significant correlation was found for other aspects of the spontaneous or sensory-evoked discharge.
Suppression of mid-and long-latency sensory-evoked responses of SI cortical neurons by
MPH (1 mg/kg)
The effect of MPH (1 mg/kg) on the behavior of the rats was similar to that of saline (Fig. 3) . At that dose, MPH did not significantly alter the magnitude of the short-latency excitation (in comparison to the saline injection), but it reduced the magnitude of both the post-excitatory inhibition (-13.6±5.9%, p=0.015) and the long-latency excitation (-35.3±8.3%, p<0.0001) evoked by whisker-pad stimulation (see Figs. 4 and   6 ). MPH at 1 mg/kg also significantly decreased the duration of the post-excitatory inhibition (-4.9±3.4 ms, p=0.0348).
Alterations of sensory-evoked responses of SI cortical neurons by MPH (5 mg/kg)
At the higher dose of 5 mg/kg, MPH significantly increased locomotion during the first 45-min postinjection. Locomotor activity was maximal from 15 to 30-min after the injection and returned to control levels 90-min post-MPH administration (Fig. 3) . At that dose, MPH had effects on stimulus-evoked discharge similar to those induced by the 1 mg/kg dose (see Figs. 5 and 6). It suppressed both the postexcitatory inhibition (-34.9±11.2%, p=0.0028) and the long-latency excitation (-23.7±14.5%, p=0.0122) and it also decreased the duration of the post-excitatory inhibition (-7.1±3.6 ms, p=0.0176).
In addition to those effects, MPH at 5mg/kg significantly increased the basal firing rate of SI cortical units (+30.4± 7.9%, p=0.0024) and suppressed the short-latency excitation (-23.1±7.1% vs. -8.4±3.0 % for saline; p=0.046). Interestingly, MPH clearly increased the latency of the short-latency excitation in 24% of the recorded units (n=16/67). The presence of this effect on this distinct population of neurons resulted in the appearance of a second peak in the short-latency excitation on population histograms (Fig. 5B ), although this effect was not statistically significant when all units were analyzed together (1.2±0.53 ms, p=0.125). Finally, the latency of the long-latency excitation was significantly decreased (-20.7±5.5ms, p=0.0001).
We also compared the mean of neuronal responses obtained from each rat to its behavioral response measured every 15-min after the MPH (5 mg/kg) injection and found significant correlations between the amplitude of the behavioral response and the basal firing rate, as well as the magnitude and onset latency of the different components of the whisker-evoked response (Table 2) . However, this analysis does not necessarily indicate that variations in neuronal responses result exclusively from variations in behavior.
Indeed, these correlations may simply result from the fact that variations in neuronal and behavioral responses both resulted from the MPH administration. Interestingly, the behavioral response and the magnitude of the short-latency excitation were positively correlated after MPH, whereas they were negatively correlated before the drug was administered (Table 1 ). An analysis of covariance revealed that the relationship between the behavior and the magnitude of the short-latency excitation observed before MPH administration was significantly different from the relationship observed after the drug administration (F 1,80 =6.34, p=0.01379). Therefore, MPH may enhance the short-latency excitation while locomotor activity suppresses this response. Such a direct action of MPH on the short-latency excitation would be partially masked by the impact of MPH-induced behavioral activation on this response.
Discussion
To our knowledge, this study is the first to analyze neurophysiological and neurochemical actions of MPH in a primary sensory cortical area (i.e., the SI cortex) of freely behaving animals. Our general working hypothesis is that MPH, via increased NE efflux, affects sensory signal transmission and that such an outcome is important in considering the basis of MPH's therapeutic action in ADHD treatment. We tested low and moderate doses of MPH (1 and 5 mg/kg, respectively), both of which produced significant increases in extracellular levels of NE in the SI cortex. Moreover, MPH selectively suppressed the mid-and longlatency components of sensory-driven responses in SI cortical neurons. These effects were observed with both doses of MPH and did not seem to depend on drug-induced modifications of the animal exploratory behavior.
Impact of locomotor activity and MPH administration on the short-latency excitation
In agreement with previous studies (Drouin and Waterhouse 2004; Fanselow and Nicolelis 1999), the amplitude of the short-latency excitation was influenced by the behavioral state of the animal. Under control conditions, we observed that the magnitude of the short-latency excitation was negatively correlated with the locomotor activity of the animal. As a result, the intraperitoneal injection of saline, which increased locomotion, also produced a significant suppression of the short-latency excitation. At 1 mg/kg, MPH increased the locomotion and suppressed the short-latency excitation, to the same extent as a saline injection.
At 5 mg/kg, the MPH-induced locomotor response was significantly larger than the saline-induced response.
Similarly, MPH-induced suppression of the short-latency excitation was significantly larger than the salineinduced suppression. However, covariance analysis revealed that MPH (5 mg/kg)-induced suppression of the short-latency excitation was not as large as predicted, considering the amplitude of the behavioral response produced by the drug. This suggests that a direct enhancing effect of MPH may counterbalance the suppression induced by the behavior. In agreement with this hypothesis, we have found that MPH (5 mg/kg) can enhance the sensory-evoked short-latency excitation of SI cortical neurons in anesthetized animals 
Impact of MPH administration on the post-excitatory inhibition
The administration of MPH significantly suppressed the post-excitatory inhibition in a dose-dependent manner. This effect likely resulted from the enhancement of noradrenergic transmission in the SI cortex. and Nicolelis 1999). In our study, the amplitude of the post-excitatory inhibition was not significantly correlated with the locomotor activity under control conditions, suggesting that the behavioral state of the animal was not the main factor contributing to the variability of this neuronal response. Moreover, MPH (1mg/kg) did not increase locomotor activity (compared to the saline injection), but significantly suppressed the post-excitatory inhibition (decreased magnitude and duration). However, the impact of MPH (1mg/kg) on the post-excitatory inhibition was limited, and the time courses of the effects of MPH (5 mg/kg) on this inhibition and on the behavior were very similar. As a result, we cannot completely exclude the possibility that part of the effect of MPH on the post-excitatory inhibition resulted from drug-induced changes in behavior.
Impact of MPH administration on the long-latency excitation
The administration of MPH significantly suppressed the long-latency excitation. It is likely that this effect also resulted from the enhancement of the noradrenergic transmission. Indeed, event-related potential studies in rats have shown that dorsal noradrenergic bundle lesions specifically increase negative potentials in the cortex occurring 50-100 ms after sensory stimulus presentation (Ehlers and Chaplin 1992), thus suggesting that NE transmission normally suppresses these responses. Interestingly, this NE-induced suppression of negative potentials was specific to the presentation of frequent stimuli and did not occur when novel or infrequent stimuli were presented. The impact of MPH on the long-latency excitation may be secondary to the suppression of the post-excitatory inhibition. Indeed, in vitro recording studies suggest that the long-latency excitatory response results directly from a post-inhibitory rebound excitation (CastroAlamancos and Connors 1996; Morin and Steriade 1981; Spain et al. 1991) . Alternatively, a similar phenomenon occurs in VPM thalamocortical relay neurons in response to GABAergic inhibition from the reticular thalamic nucleus (Warren and Jones 1994), which may also participate in the induction of the longlatency excitation in the SI cortex (Grenier et al. 1998; Steriade et al. 1998) . Interestingly, the conductance involved in the post-inhibitory rebound excitation (i.e. the Ih current, (Spain et al. 1991 ) is regulated by betaadrenergic receptors in the VPM thalamus (McCormick and Pape 1990) . Therefore, MPH-induced suppression of the long-latency excitation in the cortex may also involve MPH-induced increase in NE levels in the VPM thalamus.
As for other influences on the sensory-evoked discharge of SI cortical neurons, previous studies showed that exploratory behavior could suppress the long-latency excitation (Drouin and Waterhouse 2004; Fanselow and Nicolelis 1999) . However, in the present study, the amplitude of the long-latency excitation was not significantly correlated with the behavior under control conditions, suggesting that the behavioral state of the animal was not a main factor contributing to the variability of this neuronal response. Moreover, MPH significantly suppressed the long-latency excitation without increasing locomotor activity (after the 1mg/kg dose and 90 to 180-min after the 5mg/kg dose). Therefore, MPH likely suppressed the long-latency excitation, independently from its action on locomotion.
Differences between the effects of MPH and those previously observed with cocaine
Similarities between the pharmacological properties of MPH and cocaine have been emphasized in light of concerns regarding the increased number of MPH prescriptions to children. Indeed, cocaine and MPH are both catecholamine reuptake inhibitors and have similar affinities for DA and NE transporters (Lile et al. 2003 ). The main difference between cocaine and MPH is that cocaine is also a potent reuptake inhibitor of serotonin, while MPH is not. Cocaine influences on SI cortical neuronal responses were analyzed in a previous study and found to be qualitatively different from those of MPH (Bekavac and Waterhouse 1995; Drouin and Waterhouse 2004; Waterhouse et al. 1996) . Indeed, in those experiments, cocaine dramatically enhanced long-latency excitation whereas the present study showed that MPH suppressed this response. The cocaine-induced enhancement of the short-latency excitation likely resulted from the action of the drug on serotonergic transmission, as it was no longer observed after lesion of serotonergic fibers by PCPA (Waterhouse et al. 1996) .
How do MPH 1 and 5 mg/kg compare to clinical doses used in ADHD patients?
Consistent with its classification as a psychostimulant, MPH has been reported to stimulate exploratory behavior when given at high doses (Davids et al. 2002; Gerasimov et al. 2000) . For many years, the calming effect of psychostimulants in ADHD patients was considered paradoxical. However, it was recently emphasized that therapeutic doses of MPH do not induce hyperactivity in healthy subjects while higher doses can further increase hyperactivity in ADHD patients. Therefore, one might consider that for normal experimental animals a dose of MPH in the therapeutic range for ADHD treatment should be low enough so that increases in exploratory behavior are minimal. In our study, we analyzed the impact of MPH administration on neurochemistry, neurophysiology and behavior at 1 and 5 mg/kg; considered as low and moderate doses respectively. Quantification of locomotor activity confirmed that MPH did not significantly alter exploratory behavior at 1 mg/kg. However, at 5 mg/kg, MPH significantly enhanced locomotion with a time course that was consistent with previous reports (Gerasimov et al. 2000) . Thus, using increased locomotion as an indicator, only the 1 mg/kg dose of MPH may be considered to be within a therapeuticallyequivalent range for laboratory rats. Moreover, ongoing behavioral studies in rats have shown that MPH at doses of 1-2 mg/kg improve performance in a sustained attention task (Shumsky et al. 2004) , while higher doses (5 mg/kg) lead to a decrease in task performance associated with locomotor hyperactivity. Finally, clinical studies indicate therapeutic efficacy of MPH when plasma levels are within the range of 8-40 ng/ml (Swanson and Volkow 2001) . Preliminary data show that these plasma levels can be achieved in rats after the intraperitoneal administration of MPH at 1 mg/kg and lower (unpublished observations, Berridge et al).
Although the 1 and 5 mg/kg doses of MPH seem to be different with regard to their therapeutic efficiency, they exerted similar effects on the basal and sensory-evoked discharge of somatosensory cortical neurons.
This suggests that the high dose of MPH has the same influence on sensory processing as the low dose, but it also triggers behavioral side-effects that limit its usefulness in the treatment of ADHD.
How might the observed effects of MPH prove beneficial in ADHD?
Along with hyperactivity/impulsivity and attention deficits, ADHD is associated with impairments in working memory, decision making and response inhibition; most of which can be improved by MPH treatment (Mehta et al. 2001; Solanto 1998) . Behavioral studies in rodents and primates have shown that these cognitive processes involve NE and DA in different regions of the prefrontal cortex. In agreement with these studies, most imaging and electroencephalography studies have associated cognitive impairments in ADHD patients with dysfunctions of fronto-striatal circuitry and the generation of the P300 (also known as P3), a positive waveform in the electroencephalogram occurring ~300 msec after the stimulus presentation in relation to the cognitive demand of the task (Barry et al. 2003) . In addition to these alterations, ADHD patients also display increased cerebral blood flow in somatosensory areas of the cortex; an outcome which can be normalized after extended MPH treatment and may be related to the inability of ADHD patients to suppress responsiveness to irrelevant sensory stimuli (Lee et al. 2005) . In agreement with this hypothesis, psychophysiological studies showed that children with ADHD exhibit larger somatosensory evoked potentials than control subject. They also tend to be tactile defensive and are less skilled in tactile tasks (Parush et al. 1997) . More detailed studies were performed with auditory stimuli showing that in addition to alterations in late components of auditory ERPs (such as the P300), ADHD patients show anomalies in the regulation by attention of the N1 component (also referred to as N100, N120 or N140), a negative waveform in the electroencephalogram occurring ~100msec after the stimulus presentation which originates partly in primary auditory cortical areas (Kemner et al. 2004 ). In healthy control subjects, the amplitude of the N1 component is generally higher in response to infrequent or attended stimuli than in response to frequent and non-attended stimuli. Such a regulation is altered in patients with ADHD (Barry et al. 2003; Kemner et al. 2004; Smith et al. 2004) . Although no direct correlation can be made between the N1 component of sensory ERPs in humans and the sensory-evoked long-latency excitation recorded in our study, it is interesting that both types of responses occur within the same latency after stimulus presentation (~100 ms). Therefore, MPH may help restore the regulation of this N1 component in ADHD patients who have difficulty discriminating between salient and irrelevant environmental stimuli. Tables   Table 1: Extracellular levels of NE in the SI cortex were quantified every 20-min by microdialysis, before and after saline (dotted arrow) and MPH (solid arrow). Each dose of MPH (1 and 5 mg/kg) was tested on a separate group of animals (n=5 for each dose). Data represent mean±sem of extracellular NE levels measured throughout the experiment and were normalized by the baseline NE level (mean of NE levels measured before the saline administration). Non-normalized NE levels measured after the administration of saline and MPH were compared to baseline NE levels using the Dunnett's multiple comparison test (* when p<0.05 and ** when p>0.01).
Figure 3: Effect of MPH on locomotor activity
Horizontal locomotion (1/2-turns) was quantified during 15-min intervals before and after saline (dotted arrow) and MPH (solid arrow). Half-turns measured after the administration of saline and MPH were compared to baseline (mean of 1/2-turns counted before the saline administration) using the Dunnett's multiple comparison test (* when p<0.05 and ** when p>0.01). 
